Comparative experiments were conducted between uniform and non-uniform stepped spillway profiles in a large-size laboratory facility. For each stepped configuration, the air concentration distributions matched the advective diffusion equation and the interfacial velocity was well correlated with a power law. A comparison of the air-water flow properties showed small differences in terms of number of entrained air bubbles, chord sizes and turbulence characteristics between the different configurations. For the non-uniform steps, larger flow instabilities and stronger variation in the air-water flow properties were observed. Further some nonintrusive measurements were performed with acoustic displacement meters to characterise the free-surface profiles, free-surface fluctuations and free-surface wave celerity in both non-aerated and aerated flow regions. The experiments highlighted a close agreement between experimental data and theoretical predictions in the non-aerated flows and with conductivity probe data in the aerated flows. The non-intrusive technique was suitable for measuring the free-surface characteristics on stepped chutes, especially in the non-aerated flow region.
. "Air-water Flows and Free-surface Profiles on a Non-uniform Stepped Chute." Journal of Hydraulic Research, IAHR, Vol. 52, No. 2, pp. 253-263 (DOI: 10.1080 /00221686.2013 (ISSN 0022-1686) . {http://dx.doi. org/10.1080/00221686.2013.841780} the inception point of free-surface aeration. On the non-uniform stepped chute, experiments were also conducted half way between the large step edges. For a skimming flow rate, additional experiments were conducted with an array of two identical single-tip conductivity probes (Ø = 0.35 mm) with Δx = 0 mm and various transverse separation distances 3.3 mm ≤ Δz ≤ 64.1 mm at several consecutive step edges. All airwater measurements were sampled for 45 s and 20 kHz per sensor. The relative accuracy of the air-water flow measurements was about ΔC/C ≈ 4% for the void fraction C and about ΔV/V ≈ 5% for the interfacial velocity V.
Further experiments were performed in both non-aerated and aerated flow regions on the nonuniform stepped chute with an array of four acoustic displacement meters Microsonic TM aligned along the channel centreline, three Mic+25/IU/TC with 0.18 mm accuracy and 50 ms response time and one Mic+35/IU/TC sensor with 0.18 mm accuracy and 70 ms response time. The same acoustic displacement meters were used previously to measure the free-surface fluctuations in air-water flows in a hydraulic jump (e.g. Murzyn and Chanson 2009 ). The displacement meters were positioned perpendicular to the pseudobottom in channel centreline and separated with identical streamwise distance x j -x i = 11 cm ( Fig. 2b) , where subscripts i and j are indices of the displacement meters. The sensors were mounted above the step edges with a distance of about 25 cm enabling a constant angle of beam spread of about 1-2 cm in radius independent of the flow depth. The sensors enabled a recording of the free-surface fluctuations at all step edges and half-way along the step cavities with h = 10 cm. It was carefully checked that no interference existed between the acoustic displacement sensors as well as with other electrical devices. The acoustic displacement meters were sampled simultaneously at 100 Hz for 300 s per sensor without any filtering. In the non-aerated flow region, some erroneous data were recorded when the free-surface was not perpendicular to the sensor beam and when the acoustic signal was not reflected accurately. A larger amount of erroneous data was recorded in the aerated flow region because of the undetermined free-surface. The strong splashing of ejected water droplets impacted sometimes directly on the sensor and manual wiping of the sensor was necessary. The recorded raw data were filtered and the erroneous points were removed. The filtering was based upon a 90% threshold of the largest and lowest raw voltage signals for the recorded 300 s signal for each sensor. The sampling duration of 300 s allowed a sufficient number of data points for all measurement positions and the advanced signal processing of the raw data.
Signal processing
The air-water flow data recorded with the double-tip conductivity probe were processed with a singlethreshold technique and statistical analyses yielded the void fraction, bubble count rate, particle chord sizes, interfacial velocity and turbulence intensity. Further turbulence properties were calculated based upon the experiments with the array of two single-tip conductivity probes. For all experiments, the integral turbulent length and time scales L xz and T int were calculated following Chanson and Carosi (2007): FELDER, S., and . "Air-water Flows and Free-surface Profiles on a Non-uniform Stepped Chute. " Journal of Hydraulic Research, IAHR, Vol. 52, No. 2, pp. 253-263 (DOI: 10.1080 /00221686.2013 .841780) (ISSN 0022-1686 . {http://dx.doi.org/10.1080/00221686.2013.841780}
where (R xz ) max is the maximum cross-correlation coefficient between the two single-tip probes and T xz is the transverse cross-correlation time scale integrated from the maximum of the cross-correlation function to the first crossing. The integral turbulent length scale L xz represents a characteristic transverse length of the large vortical structures advecting the air-water packets (Chanson and Carosi 2007) and T int is the corresponding time scale.
The statistics of the acoustic displacement meter signals were analysed, thus giving some information about the free-surface profiles, free-surface fluctuations and free-surface time scales as well as the free-surface wave celerity.
Experimental flow conditions
In free-surface flows, the physical modelling is commonly based upon a Froude similitude and the present study is no exception. Experiments were conducted for a wide range of discharges per unit width q w between 0.005 m 2 /s and 0.241 m 2 /s corresponding to a dimensionless discharge d c /h between 0.13 and 1.81 where d c is the critical flow depth. The flow rates corresponded to Reynolds numbers defined in terms of the hydraulic diameter between 1.9×10 4 and 9.6×10 5 ( Table 1 ). The measurements with the conductivity probes were conducted in the transition and skimming flow regimes for flow rates in the range from 0.056 m 2 /s to 0.227 m 2 /s. On the non-uniform stepped chute, the experiments with the acoustic displacement meters comprised several flow rates between 0.075 m 2 /s and 0.202 m 2 /s. Table 1 summarises the experimental program for the conductivity probe and acoustic displacement sensor experiments on the non-uniform stepped spillway and for the reference configuration with uniform step height. More details about the experimental facility, the instrumentation and signal processing can be found in Felder (2013) . . "Air-water Flows and Free-surface Profiles on a Non-uniform Stepped Chute." Journal of Hydraulic Research, IAHR, Vol. 52, No. 2, pp. 253-263 (DOI: 10.1080 /00221686.2013 .841780) (ISSN 0022-1686 . {http://dx.doi.org/10.1080/00221686.2013.841780} (Rajaratnam 1990 ).
The flow patterns on the non-uniform stepped spillway showed flow features similar to those observed on the uniform stepped chute. For the nappe flow regime with d c /h < 0.53, the water cascaded down the stepped spillway in free-falling nappes. The step cavities for the 5 cm high steps contained a large void and it appeared that the free-falling jets flowed from 10 cm step to 10 cm step bypassing the smaller step cavities. In the transition flow regime, strong droplet splashing was observed and the flow appeared unstable (Fig. 2a) . The flow was similar to transition flows on the uniform stepped spillways, but recirculation motions were observed in the smaller step cavities. In skimming flows (d c /h > 0.97), the airwater flow patterns were identical to uniform stepped spillways with the free-surface being parallel to the pseudo-bottom formed by the step edges (Fig. 2b) . Note that some large scale tornado eddies were generated in the upstream corners of the broad-crested weir as observed previously by Gonzalez and Chanson (2007b) .
The longitudinal vortices propagated downstream and caused free-surface disturbances and fluctuations in the clear water flow region (Fig. 2b) . The free-surface instabilities increased with increasing flow rate.
Air-water flow properties
A range of air-water flow properties was measured in the aerated flow region downstream of the inception point of free-surface aeration in transition and skimming flows. The experiments were conducted with double-tip conductivity probes at step edges in channel centreline. For the non-uniform configurations, the air-water flow properties were additionally measured in the centre of the large step cavity. Additional airwater flow properties were recorded with an array of two single-tip conductivity probes for several consecutive step edges in a skimming flow regime.
Basic air-water flow properties
The void fraction distributions on both non-uniform and uniform stepped spillways were exhibited a characteristic S-shape profile for both stepped configurations (Fig. 3) . close to the pseudo-bottom (Fig. 3) . Larger values of void fraction in between step edges were reported for uniform stepped spillways (e.g. Gonzalez and Chanson 2004 ) and this was not a specific feature for the nonuniform stepped spillway. The legend of Fig. 3 lists also the depth-averaged mean air concentrations C mean at the measurement positions. The data showed comparatively smaller mean air concentration downstream of the large steps on the non-uniform stepped spillway. This trend was observed for all experiments, but the reason for the reduced mean air concentration remained unclear. Despite the differences, all void fraction FELDER, S., and . "Air-water Flows and Free-surface Profiles on a Non-uniform Stepped Chute." Journal of Hydraulic Research, IAHR, Vol. 52, No. 2, pp. 253-263 (DOI: 10.1080 /00221686.2013 .841780) (ISSN 0022-1686 The agreement between all experimental data and Eqs. (5) and (6) The chord sizes of air bubbles and water droplets were calculated to provide information on the millimetric and sub-millimetric scales (Fig. 6 ). Typical probability distribution functions of air bubble chord sizes are presented for a step edge, showing differences between the non-uniform and uniform stepped spillways (Fig. 6a ). Some differences in terms of chord size probability distribution functions (PDF) were observed with a smaller amount of small air bubbles and a larger amount of larger chord sizes for the nonuniform stepped chute (Fig. 6a) . For the same step edge, the comparison of water droplet chord sizes showed a good agreement between the non-uniform and uniform stepped spillways (Fig. 6b) . On the non-uniform stepped spillway, it appeared that the spray region was not affected by the changing step heights while the air bubble chord sizes were comparatively larger in the bubbly flow region.
Turbulence characteristics
The turbulence intensity calculation in air-water flows is based upon the shape of the auto-and crosscorrelation functions of the double-tip probe data (Chanson and Toombes 2002) . The turbulence intensity Tu provided information about the velocity fluctuations within the air-water flow. The comparison of turbulence intensity distributions for the two stepped spillways showed a relatively good agreement in distribution shape for all experiments (Fig. 7) . All profiles showed large turbulent levels in the intermediate flow region and smaller levels of turbulence in the bubbly flow and spray regions. The turbulence intensities were largest on the uniform stepped spillway at most step edges. On the non-uniform stepped spillway, the turbulence levels showed some data scatter, with larger turbulent levels in the bubbly flow region for the measurement positions between the 10 cm high step edges (Fig. 7) . Overall the turbulence levels on the uniform stepped chute were about 20-50% larger for an identical flow rate. The presence of the smaller steps on the nonuniform stepped spillway reduced the turbulence intensities, possibly linked with wake interference at the large step. The observations were consistent with the earlier observations of comparatively larger turbulence levels on geometrically larger step heights (Felder and Chanson 2009). FELDER, S., and . "Air-water Flows and Free-surface Profiles on a Non-uniform Stepped Chute." Journal of Hydraulic Research, IAHR, Vol. 52, No. 2, pp. 253-263 (DOI: 10.1080 /00221686.2013 (ISSN 0022-1686) . {http://dx.doi.org/10.1080/00221686.2013.841780}
Further turbulent air-water flow properties included the integral turbulent length and time scales calculated based upon the measurements with an array of two single-tip conductivity probes (Eqs. (1) and (2)). The turbulent length and time scales L xz and T int are a measure of the large advecting vortices in transverse direction. Overall the dimensionless distributions of both integral turbulent length and time scales showed relatively good agreement for the uniform and non-uniform stepped spillways (Fig. 8) . For the turbulent length scales, the shapes of the distributions were comparable with a maximum in the intermediate flow region (Fig. 8a) . For the non-uniform stepped spillway, larger scatter of distributions was observed and the length scales appeared slightly smaller. The comparative analysis of dimensionless integral turbulent time scale distributions showed some deviation of shapes for the non-uniform configuration, compared to typical observations on the uniform stepped chute (Fig. 8b) . In particular the time scale distribution measured in between the step edges with h = 10 cm (dashed line) showed a different shape with some maximum values close to the pseudo-bottom (Fig. 8b) . For both uniform and non-uniform stepped configurations, larger turbulent time scales were observed in the upper spray region which was linked with ejected droplets not interacting with the mainstream flow (Chanson and Carosi 2007) .
For all experiments, the characteristic maximum integral turbulent length and time scales were recorded and added to the legend in 
Free-surface observations
Transition and skimming flows down stepped spillways are characterised by unsteady wavy surface patterns in the non-aerated flow region at the upstream end (Fig. 2) . In the region close to the inception point, freesurface instabilities and flapping of the free-surface was observed as previously reported (Chamani 2000 , Chanson 2001 ). Downstream of the inception point of free-surface aeration, the air-water flow exhibited a more chaotic 'free-surface' appearance with strong splashing, ejection of water droplets (Chanson and Carosi 2007) (ISSN 0022-1686) . {http://dx.doi.org/10.1080/00221686.2013.841780} pattern in the aerated flow region, similar to that as reported by Toombes and Chanson (2007) . Herein a straight line of four acoustic displacement meters was used for non-intrusive measurements of the freesurface in both non-aerated and aerated flow regions on the non-uniform stepped spillway (Fig. 2b) .
Free-surface profiles and fluctuations
Basic signal processing of the acoustic displacement signals yielded the mean free-surface elevation d 50 , the 90% percentile of free-surface elevation d 90 and the standard deviation of free-surface elevation d''. Typical dimensionless results are shown in Fig. 9 as functions of the dimensionless longitudinal distance along the stepped spillway x/d c . Basically the flow depth decreased with increasing distance from the upstream end of the stepped spillway in the non-aerated flow region as the flow was accelerated. In the aerated flow region, the flow depth increased with distance, reflecting some flow bulking induced by free-surface aeration. The free-surface elevation data showed a wavy pattern with wave length of two step cavities, in particular visible in the non-aerated flow region (Fig. 9 ). In the aerated flow region, some data scatter was observed. The corresponding double-tip conductivity probe air-water flow data are included in Fig. 9 : the mean free-surface 
where H max is the upstream total head and g is the gravity constant. In the ideal fluid flow region for δ BL < y < d, the real local velocity v may be approximated by Eq. (8) and experimental data suggested that the velocity distribution followed a power law (Chanson 2001 Equations (7) and (10) are shown in Fig. 9 for both aerated and non-aerated flows. For all experimental data, the calculations underestimated slightly the experimental data in both non-aerated and aerated flow regions.
The differences were larger in the aerated flow region and tended to increase with increasing discharge. Note that Eq. (10) was not developed for the rapidly varying flow region downstream of the inception point, although it is shown in Fig. 9 for comparison only. 
Free-surface time scales and free-surface wave celerity
Auto-correlation analyses of acoustic displacement meter signals in the non-aerated and aerated regions were conducted to identify the characteristic time scales of free-surface fluctuations. Figure 11 illustrates the dimensional auto-correlation time scales in the non-aerated and aerated flow regions for three discharges, as well as the average and median data. The auto-correlation time scales in the non-aerated region were larger than in the aerated flow. In the aerated flow region, some data scatter was observed and the largest time scales were found for the smallest discharge. Overall, for all data sets, the average and median auto- FELDER, S., and . "Air-water Flows and Free-surface Profiles on a Non-uniform Stepped Chute." Journal of Hydraulic Research, IAHR, Vol. 52, No. 2, pp. 253-263 (DOI: 10.1080 /00221686.2013 (ISSN 0022-1686) . {http://dx.doi.org/10.1080/00221686.2013.841780}
Cross-correlation analyses were performed between two simultaneously sampled acoustic displacement signals separated by a longitudinal distance x j -x i = 11 cm. The cross-correlation functions exhibited a clear peak, and the time for which the cross-correlation function was maximum T was used to calculate the free-surface wave celerity C S of free-surface disturbances:
The free-surface wave celerity is a longitudinal measure of the free-surface velocity of the large scale wave structures in both non-aerated and aerated flows. Typical dimensionless celerity C S /V c distributions are illustrated in Fig. 12 for one discharge as functions of x/d c . The celerity data showed an increase of values with increasing distance from the upstream end of the stepped spillway. Small scatter of the data was observed (Fig. 12) . The free-surface wave celerity data were compared with the dimensionless air-water flow data measured with a double-tip conductivity probe, i.e. mean flow velocity U w (U w = q w /d) and characteristic interfacial velocity V 90 . The celerity data were close to the mean flow velocity U w , but slightly smaller than the characteristic velocity V 90 . The free-surface celerity increased slightly for larger flow rates, but the agreement with the corresponding air-water flow velocities remained unchanged. The present finding was significant because it indicated the effect of free-surface motions upon the air-water flow properties, as suggested by Toombes and Chanson (2007) .
Conclusion
An experimental study was conducted on a non-uniform stepped spillway with regular alternation of step heights and the results were compared with the corresponding uniform stepped spillway for a same slope θ = 26.6º. The flow patterns showed small instabilities and larger droplet splashing on the non-uniform stepped configuration. Overall the flow regimes for the uniform and non-uniform stepped spillways were in close agreement, although larger instabilities were found on the non-uniform stepped chute. The air-water flow properties on both stepped configurations showed a good agreement between experimental data and theoretical solutions in terms of void fraction and interfacial velocity. Small differences were however observed in terms of bubble count rate, turbulence levels and integral turbulent scales. The comparative analyses between uniform and non-uniform stepped configurations suggested little effects of non-uniform steps upon the overall air-water flow structure. However, the appearance of larger flow instabilities and stronger variation of the air-water flow properties downstream of the large drop suggested that the uniform stepped spillway design might be the preferred design option.
On the non-uniform stepped spillway, a non-intrusive measurement technique was tested in both non-aerated and aerated flow regions. The free-surface profiles, free-surface fluctuations, free-surface time scales and the celerity of free-surface waves were documented. In the non-aerated flow region, the freesurface profiles were close to a theoretical prediction of the free-surface. In the aerated flow region, the acoustic displacement data showed a large scatter and the surface profile measurements agreed with FELDER, S., and Vol. 52, No. 2, pp. 253-263 (DOI: 10.1080 /00221686.2013 (ISSN 0022-1686) . {http://dx.doi.org/10.1080/00221686.2013.841780} corresponding conductivity probe data. Despite large free-surface fluctuations in the aerated flow region, the experiments highlighted the successful use of acoustic displacement meters to record the free-surface properties in both non-aerated and aerated flow regions.
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